Different sizes and shapes of nonmetallic inclusions in a swirling flow submerged entry nozzle (SEN) placed in a new tundish design were investigated by using a Lagrangian particle tracking scheme. The results show that inclusions in the current cylindrical tundish have difficulties remaining in the top tundish region, since a strong rotational steel flow exists in this region. This high rotational flow of 0.7 m/s provides the required momentum for the formation of a strong swirling flow inside the SEN. The results show that inclusions larger than 40 lm were found to deposit to a smaller extent on the SEN wall compared to smaller inclusions. The reason is that these large inclusions have Separation number values larger than 1. Thus, the swirling flow causes these large size inclusions to move toward the SEN center. For the nonspherical inclusions, large size inclusions were found to be deposited on the SEN wall to a larger extent, compared to spherical inclusions. More specifically, the difference of the deposited inclusion number is around 27 pct. Overall, it was found that the swirling flow contains three regions, namely, the isotropic core region, the anisotropic turbulence region and the near-wall region. Therefore, anisotropic turbulent fluctuations should be taken into account when the inclusion motion was tracked in this complex flow. In addition, many inclusions were found to deposit at the SEN inlet region. The plotted velocity distribution shows that the inlet flow is very chaotic. A high turbulent kinetic energy value of around 0.08 m 2 /s 2 exists in this region, and a recirculating flow was also found here. These flow characteristics are harmful since they increase the inclusion transport toward the wall. Therefore, a new design of the SEN inlet should be developed in the future, with the aim to modify the inlet flow so that the inclusion deposition is reduced. NONMETALLIC inclusions are of highest importance during steel production. This is due to the fact that they not only can affect the steel product quality in a negative manner but can also cause an interruption of the continuous casting process by clogging the tundish submerged entry nozzle (SEN). To summarize, inclusions induce product or production problems, which are closely related to the inclusion transport in steel flows during the continuous casting process. Therefore, the understanding of inclusion behaviors in steel flows is important to optimize the production process and to improve the product quality.
I. INTRODUCTION
NONMETALLIC inclusions are of highest importance during steel production. This is due to the fact that they not only can affect the steel product quality in a negative manner but can also cause an interruption of the continuous casting process by clogging the tundish submerged entry nozzle (SEN). To summarize, inclusions induce product or production problems, which are closely related to the inclusion transport in steel flows during the continuous casting process. Therefore, the understanding of inclusion behaviors in steel flows is important to optimize the production process and to improve the product quality.
In the tundish and mold, steelmakers have the last chance to remove nonmetallic inclusions in order to make steel clean. The removal of inclusions in the tundish can reduce the number concentration of inclusions in the molten steel, which is expected to reduce the clogging rate in the tundish SEN. In the past, a large number of numerical simulation studies have investigated the behaviors of inclusions during the steel continuous casting process. For the inclusion motion in tundish, studies have been carried out to investigate the inclusion removal under the effects of various factors such as flow control devices, tundish geometries, gas bubbling rates, and inclusion sizes. their deposition on the SEN wall can lead to nozzle clogging. In order to understand the deposition location and mechanism, computational fluid dynamics (CFD) studies have been carried out to investigate the inclusion transport in turbulent steel flows and its deposition on the SEN walls. [9] [10] [11] [12] [13] [14] [15] [16] [17] Deposition rates of inclusions on the SEN wall were predicted by using an Eulerian deposition model, which considered the transport of inclusions in the turbulent flow boundary layer as well as the turbophoresis effect. [16, 17] Finally, inclusions move into the mold accompanying steel flows, where the solidification of molten steel happens. The concerns about inclusions in molds include its removal to the top mold slag and its capture by the solidifying front. These concerns have been investigated in many CFD studies focusing on SEN port designs, SEN submerged depths, argon injection, electromagnetic braking, and so on. [18] [19] [20] [21] [22] [23] [24] [25] Among them, the particle-capture model developed by Thomas et al. [25] gives a good contribution to describe the particle capture behavior at the solidifying front, since it represents a good physical framework by considering the local force balances.
In recent years, the use of a swirling flow or a rotational flow during steel castings has received a lot of attention. Two methods to realize a swirling flow or rotational flow during the steel casting have been intensively studied, namely, the swirling flow SEN method [26] [27] [28] [29] [30] [31] [32] [33] [34] and the mold-electromagnetic stirring (MEMS) method. [35] [36] [37] [38] When using a swirling flow SEN, the penetration depth of the SEN outlet flow in mold was found to decrease. [28] The stability of the steel flow in the mold was enhanced and the defects on the slab surface were effectively reduced. [31] Furthermore, the swirling flow in the SEN was found to effectively reduce the clogging tendency of the SEN port. [31] This is due to the fact that the nozzle port flow becomes homogenous and stable when a swirling flow exists in the SEN. In addition, a swirling flow produced by the rotary MEMS method in an industry application was found to effectively reduce the central cracks, central porosities, and shrinkages. [36] Therefore, the use of a swirling flow or a rotational flow during metal castings is becoming an important way to produce high-quality steels. However, previous studies [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] of swirling flows during steel castings mainly focused only on the influence on the steel flow itself. Furthermore, previous studies focusing on the inclusion behavior in steel flows have mostly been carried out for conventional continuous casting processes, where no rotational steel flow phenomena exist in the horizontal cross sections of the SEN or the mold. In a swirling flow, the motions of the light nonmetallic inclusions are expected to be different from those in a conventional casting flow. This is due to the centripetal separation effect, which causes light inclusions, with a density smaller than molten steel, to move toward the swirling flow center. This may change the transport and deposition behavior of nonmetallic inclusions.
As mentioned earlier, the inclusion motion is important for both the steel quality and the steel production process. Therefore, it is interesting and meaningful to investigate the influence of a swirling steel flow on the inclusion behaviors during casting operations. Previous studies on the behaviors of nonmetallic inclusions in swirling steel flows are limited. Yang et al. [32, 33] investigated the nonmetallic inclusion motion in a swirling flow, which was obtained by applying electromagnetic stirring outside the SEN. Ni et al. [34] investigated the behaviors of Al 2 O 3 and Ce 2 O 3 inclusions in a swirling flow SEN obtained from a new tundish design. It was found that large size light nonmetallic inclusions move toward the swirling flow center, due to the centripetal separation effect. [34] Hou et al. [39] investigated the inclusion removal in a swirling flow chamber, which was installed at the tundish inlet region. It was found that this design is suitable to use for the removal of 20-lm inclusions but not large size inclusions, compared to a conventional tundish. [39] However, these simulation studies were carried out using swirling flow fields, which were solved by using the k-e type turbulence model in combination with a standard wall function. [32] [33] [34] 39] Thereafter, a Lagrangian particle tracking scheme was used to describe the inclusion motion in the solved flow fields. Therefore, the isotropic turbulent fluctuations were assumed and the turbulent boundary layer was not resolved. However, in a swirling flow, a large velocity gradient ranging from the swirling flow center to the wall normally exists in the radial direction. Anisotropic fluctuations may exist in such a flow situation. This is especially true in the turbulent boundary layer. Furthermore, turbophoresis has been found to be of importance when considering the particle transport in turbulent boundary layer. [16, 17] However, these aspects have been ignored in previous studies.
[ [32] [33] [34] 39] In the absence of resolving the turbulence boundary layer, inclusions may simply fly to the wall once they reach the wall-adjacent grid cell. Therefore, this cannot give a good prediction on the inclusion transport toward a wall when particle depositions in turbulent flows occur. This has been confirmed by results in the literature. [40] In addition, both the flow field and the inclusion motion have previously not been validated by experiments. [32] [33] [34] Also, a recent study shows that the k-e type turbulent models sometimes underpredict the swirling flow intensity. [41] Therefore, studies are still required to give a good prediction on the transport of inclusions, toward the swirling flow center and toward the wall, in a swirling flow or a rotational steel flow.
In this article, the behaviors of nonmetallic inclusions in the swirling steel flow in a new cylindrical tundish design were investigated based on both numerical simulations and water model experiments. The steel flow field has been solved by using a Reynolds stress turbulent model (RSM), combined with a Stress-Omega submodel, to account for the possible anisotropic fluctuations in a swirling flow. Furthermore, the numerical model was validated by particle image velocimetry measurements in water model experiments. [42] In addition, the turbulent boundary layer was also resolved. Specifically, the y + value of the first grid layer was smaller than 1, and 21 layers of grid cells were used at the near-wall region to account for the turbophoresis effect for particle transport in the turbulent boundary layer. This should improve the accuracy of the predictions of the particle transport toward a wall compared to the previously presented results. [32] [33] [34] Different shapes and sizes of Al 2 O 3 inclusions were tracked using a Lagrangian scheme that accounted for the inertial force, drag force, gravity and buoyancy, lift force, pressure gradient force, and virtual mass force acting on each individual inclusion. Also, a statistical analysis was carried out to investigate the number of inclusions, released from the location close to the SEN inlet, that touch the SEN wall in different regions along the vertical direction of the SEN. In addition, the separation phenomena, due to the centripetal effect, of the light nonmetallic inclusions in the swirling steel flow were studied. Furthermore, a dimensionless number, the Separation number, was for the first time proposed in this article. This number can be used to define the possibility of different inclusions to be separated in a swirling flow.
II. MODEL DESCRIPTION
The three-dimensional mathematical model of the new cylindrical tundish is made in a Cartesian coordinate system. The steel flow field in the new tundish has previously been solved by using the RSM [43] [44] [45] combined with the Stress-Omega [45, 46] submodel. Furthermore, the predictions have been validated by water model experiments. [42] The inlet steel flow rate is 5.0 m 3 /h. The steel density and its molecular viscosity are 7000 kg/m 3 and 0.0064 kg/(m s), respectively. Molten steel flows into the cylindrical tundish from its tangential inlet. This leads to a rotational steel flow inside the cylindrical tundish. After the rotational steel flow moves into the SEN, a swirling flow can be produced due to the rotational flow potential. In the current article, the previously solved steel flow field was used to study the behaviors of inclusions in the tundish and SEN.
The model geometry, the injection locations of inclusions, and the divided SEN wall regions are shown in Figure 1 . The other model information can be found in the literature [42] and is not repeated here. The inclusion tracking was done using the discrete phase model, which is available in the commercial software ANSYS FLUENT 17.0 Ò . The density of the Al 2 O 3 inclusions was assumed to be 3500 kg/m 3 , based on the data from Reference 47.
A. Inclusion Tracking Assumption and Boundary Condition
(1) Inclusions escaped from the domain when they exited from the SEN outlet. (2) Inclusions were assumed to stick on the SEN wall once they touched it; a ''reflect'' boundary condition was used for the other tundish walls. (3) Interactions between inclusions were not considered.
(4) A one-way coupling between steel and inclusions was used; i.e., the influence that inclusions have on the steel flow was not considered.
B. Lagrangian Particle Tracking Model
The locations of inclusions were obtained by solving the following equation:
where x p is the inclusion position and u p is the inclusion velocity. The inclusion velocity was obtained by solving the following momentum equation:
where the first term on the right-hand side is the drag force per unit inclusion mass, the second term on the right-hand side is the force per unit inclusion mass due to gravity and buoyancy, the third term on the righthand side is the virtual mass force per unit inclusion mass, and the fourth term on the right-hand side is the pressure gradient force per unit inclusion mass. The fifth term on the right-hand side is the Saffman's lift force. [48, 49] Furthermore, s r is the particle relaxation time and Re d is the relative Reynolds number. They are expressed by the following equations:
where u is the continuous-phase velocity; l is the molecular viscosity of the fluid; v is the kinematic viscosity of the fluid; d p is the diameter of an inclusion; and q f and q p are the densities of the fluid and the inclusion, respectively. Furthermore, S ij and S lk are the deformation tensor, and K is a constant, which is equal to 2.59. [49] For spherical particles, the drag coefficient,C D , from Morsi and Alexander [50] was used. 
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For nonspherical particles, the following relationships for the drag coefficient suggested by Haider and Levenspiel [51] were used:
where The shape factor, /, is defined as follows:
where S sph is the surface area of a sphere having the same volume as the particle and S is the actual surface area of the particle. Re sph is the relative Reynolds number based on the diameter of a sphere having the same volume as the particle, d sph . This d sph value was used to calculate the particle mass and drag force. In a swirling flow, nonmetallic inclusions, which are lighter than molten steel, may move toward the swirling flow center, due to the centripetal effect. In an inertial frame of reference, e.g., the Cartesian coordinate system used in this model, the centrifugal force does not truly exist. Calculations can be performed by using Newton's laws of motion and by considering the real existing forces, e.g., the drag force, lift force, virtual mass force, gravity force, buoyancy force, and pressure gradient force. The centripetal effect for the separation of light inclusions should mainly come from the pressure gradient force, which has been included in the particle momentum equation shown in Eq. [2] .
C. Particle Stochastic Turbulence Model
In order to simulate the effect of the turbulent fluctuations on the inclusion motion, a stochastic turbulent model can be used. This approach was based on the eddy lifetime, [52] which spawned the eddy-interaction models in which the fluid velocities (eddies) are assumed to be stochastic quantities. These remain constant for the lifetime of the eddy or, if shorter, the transit time of the particle through the eddy. [53] Therefore, the continuous-phase velocity can be expressed by using the following equation: 
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where f is a zero mean with a unit variance and is a normally distributed random number.
is the root-mean-square local fluctuation velocity in the i direction, which directly can be solved by using the RSM. Therefore, anisotropic turbulent fluctuations were taken into account in this article.
III. RESULTS

A. Inclusion Motion in the Tundish
In order to know the inclusion motion in the upper part of the tundish, inclusions of different sizes and shapes were released from location 1 (shown in Figure 1) near the tundish inlet. Figure 2 shows the inclusion trajectories in the cylindrical tundish. Here, the stochastic turbulence model was not used to avoid the uncertainty induced by the turbulent fluctuations. Therefore, only the mean flow velocity was used when tracking the inclusion motion. This will give a general understanding of the motion behaviors of inclusions of different sizes and shapes in the tundish. It can be seen from Figure 2 that all the investigated inclusions, with the sizes of 1, 10, and 100 lm, are not able to stay at the top of the cylindrical tundish. This means that the buoyancy force was not high enough to keep these inclusions in the upper region. This is due to a large steel flow velocity at the top tundish region, with the value of around 0.7 m/s, [42] which also leads to a strong mixing. This strong rotational flow provides the required momentum for an intensive swirling flow later in the SEN. In addition, the residence time of inclusions in the cylindrical tundish increases with an increased inclusion size. This is because the buoyancy force always causes inclusions to float upward, where larger size inclusions obtain a larger buoyancy effect. This buoyancy reduces their velocity moving from the top of the tundish to the tundish bottom and, thus, increases their residence time. For inclusions with different shapes, a similar trajectory for 1-lm-size inclusions was observed, as shown in Figures 2(a) and (b) . This means that the influence of the shape factor on their motion is small in the current investigation. However, for large inclusions, it was found that nonspherical inclusions have a longer residence time in the tundish compared to the spherical inclusions. In addition, 100-lm inclusions of both spherical and nonspherical types were found to stay inside the SEN center after that they entered the SEN region. This is due to the centripetal separation effect, which causes inclusions to move toward the center, and due to the buoyancy effect, which makes them move upward.
In order to know the inclusion motion in the swirling flow SEN, glass-bubble particles were released at location 2 (shown in Figure 1 ) near the SEN inlet. These particles have a density smaller than the density of water, with a value in the range of around 700 to 1000 kg/m 3 . Furthermore, the particle sizes are in the range of around 50 to 1000 lm. Figure 3 shows the particle location in the SEN obtained from the water model experiments and from the simulation. It can be seen that the inclusion locations predicted by the numerical simulations are similar to the observations from the water model experiments. Specifically, Figure 3 (a) shows that particles move toward the SEN center in the water flow. Thereafter, they stay in the center region of the SEN, where they rotate together with the swirling water flow. Figure 3(b) shows that 100-lm Al 2 O 3 inclusions move toward the nozzle center and that they are located at the upper part of the SEN. This is due to the centripetal effect, the buoyancy effect, and the upward steel flow in the center of the swirling flow SEN, as shown in a previous study. [42] In the simulations, Al 2 O 3 inclusions have half the density of molten steel. However, in reality, it is difficult to find particles with a density that is just half of water's density. Normally, the density of particles used in water model experiments is close to but slightly smaller than the density of water, and it is in a range of values rather than having a certain value. Also, it is difficult to find particles with one particular size. They normally only can be found in a size range. In addition, it is difficult to observe very small particles, such as 100-lm inclusions used in the simulations. According to the inclusion trajectory similarities between particles in water models and particles in simulations, the particle sizes in the water models and in the simulations should follow the relationship in Eq. [10] [54] :
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where r w and r s are the particle radius in the water model experiments and in the simulations, respectively. Furthermore, q p and q l are the densities of particles and the liquid, respectively. The parameter k is the scale factor, which has a value of 1 in this article. Table I shows the required sizes of different densities of glass-bubble particles used in water model experiments in order to simulate 100-lm Al 2 O 3 inclusions, which were tracked in the simulations in Figure 3(b) . It can be seen that the required particle size in the water model to simulate 100-lm inclusions in the steel flows is in the range of particle sizes (50 to 1000 lm) that were used in the current water model experiments. This means that the current water model can qualitatively illustrate the behavior of particles in the swirling flow and the results can be used to validate the numerical model predictions.
B. Statistical Study on Inclusion Motion in the SEN
In order to understand the inclusion behaviors in the swirling flow SEN, 1200 inclusions were released from location 2 (shown in Figure 1 ) to investigate their behaviors in the SEN. A doubling of the released inclusion number did not give an improved statistical result. Here, a particle was assumed to deposit on the wall once it touched the wall. The number of inclusions that deposited on the SEN wall is shown in Figure 4 . It can be seen that the number of deposited inclusions of both spherical and nonspherical shapes shows initially a slight increase with an increased inclusion size. Thereafter, the results indicate a sharp decrease for the inclusion sizes ranging from 20 to 40 lm. For inclusions with sizes smaller than 20 lm, spherical inclusions have a bit larger deposited number compared to nonspherical inclusions. However, for large inclusions, a greater number of nonspherical inclusions were predicted to touch the wall, compared to the spherical inclusions. For example, the deposited number of 40-lm nonspherical inclusions was found to be 27 pct higher than that of spherical inclusions. Figure 5 shows the number of inclusions that deposited on the SEN wall in different regions. The locations of the different regions are shown in Figure 1 . It can be seen that the numbers of different size inclusions, which are smaller than 20 lm, that deposited on the SEN wall show a similar distribution trend along the different SEN regions. In addition, for small size inclusions, the inclusion shape seems to have almost no, or only a slight, influence on their deposition behavior. In region 16, the largest number of deposited inclusions was found among all the regions. This region is located at the SEN inlet, which is closest to the inclusion release location. When inclusions move downward with the steel flow from region 16, the number of deposited inclusions shows a slight decrease. This may be due to the fact that the number concentration of inclusions close to the wall in the steel flow decreased, since inclusions may have deposited on the wall in the upper flow regions of the SEN. For large inclusions, e.g., 40-lm inclusions, both spherical and nonspherical inclusions show a large difference with respect to the deposited number distribution along different SEN regions, compared to the small inclusions. From region 10 to region 15, a much smaller number of large inclusions were predicted to touch the wall. More specifically, approximately one fifth of the number of deposited small size inclusions deposited on the wall. However, in the regions close to the SEN outlet, the number of large size inclusions that deposited on the SEN wall increased to a similar level as that of small size inclusions. Furthermore, a 40 pct larger number of 40-lm nonspherical inclusions were found to touch the wall compared to spherical inclusions. However, for 100-lm inclusions, both the spherical and nonspherical inclusions were found not to touch the SEN wall, except in region 16. This is due to the centripetal effect, which can be seen from the inclusion trajectories in Figure 3(b) .
In order to understand why large amounts of inclusion are deposited in region 16, the steel flow in this SEN region is plotted in Figure 6 . Figure 6(a) shows the steel flow paths from four points. The locations of these points are shown in Figure 6 (b). The steel flow has two velocity components, as shown in Figure 6 (a). One velocity component is directed toward the SEN center (this is the common situation in a conventional tundish), and another velocity component is directed in the tangential direction due to the rotational steel flow in the tundish. Due to the tangential flow component, the steel flow has difficulty reaching the center of the SEN. Instead, it tends to flow toward the SEN wall. After it gets close to the wall, its flow direction changes, due to the curved SEN wall, to form a swirl flow. In addition, steel flow paths from different points are different. This illustrates that a nonuniform SEN inlet flow exists. This can be seen clearly from Figures 6(c) through (f) , where the tangential velocities of the steel flow in different cross sections of the SEN in region 16 are plotted. The steel flow field is not uniform and the maximum velocity is larger than 5 m/s. A swirling flow is developing in this region and it is uneven and chaotic. As the steel flows downward in the SEN, the maximum steel flow velocity decreases and the velocity distribution in the cross section tends to become a developed flow. This means that the swirling flow is under development in region 16 (shown in Figure 1 ). Figure 7 shows the steel flow properties in the middle XZ plane of the SEN. It can be seen that a recirculating flow exists in the SEN inlet region. The formation of the recirculating flow is partly due to the flow separation, which takes place when the steel enters the SEN. The recirculating flow due to flow separation can also be found commonly in some other flows, e.g., the flow along a curved wall or jet flows. [55] In addition, in a swirling flow, the steel flow also has a tangential velocity, as shown in Figure 6 (a). After the steel moves into the SEN, its tangential momentum will direct the steel flowing toward the SEN wall. Then, the flow direction will change due to the curved SEN wall to form a swirl flow. This will also create a high-pressure region near the wall, as shown in Figure 7 (b). Therefore, both the flow separation and the rotational flow momentum affect the flow direction to form the recirculating flow, as shown in Figure 7(a) . In addition, Figure 7 (c) shows that the steel flow has a high turbulent kinetic energy in region 16. This increases the probability of inclusions, which are a bit far away from the turbulent boundary, to obtain energy from their interaction with turbulence eddies and to move toward the near-wall boundary. As the inclusions reach the turbulent boundary layer, their transport toward the wall will be influenced by the ''turbophoresis effect.'' [16, 17, 56] From Figures 6 and 7 , it can be concluded that the high inclusion deposition in region 16 is due to the steel flow characteristics, e.g., a recirculating and chaotic flow. These factors provide inclusions with a greater chance of depositing in this region. Figure 8 shows the inclusion trajectories in the SEN. Ten spherical inclusions with the diameter of 10 lm were released from four points that are shown in Figure 7 (b). It can be seen that inclusions have different paths compared to the steel flow path in Figure 6 This is due to the recirculating flow, as shown in Figure 7 (a).
IV. DISCUSSION
Behaviors of different sizes and shapes of Al 2 O 3 inclusions in the swirling steel flow of the new cylindrical tundish design were investigated. This was done based on the assumption that interactions among inclusions are ignored. The reason for this assumption is that the volume fraction of inclusions in steel flows is very small. In the new tundish design, it was found to be difficult for the inclusions to stay at the top tundish region due to the high rotational velocity in the tundish. Therefore, the removal of inclusions in the current design is hard to accomplish. Thus, a method, such as argon gas protection, instead of top slag should be used to avoid the reoxidation of steel by air. In the SEN inlet region, many inclusions were predicted to deposit on the wall. This may be due to the complex steel flow, where both a recirculating flow and an intensive turbulent flow existed. In addition, the steel flow path in Figure 6 (a) and the inclusion trajectories in Figure 8 in the SEN inlet region show that the inlet flow is not uniform. Therefore, an improved design is required in the future, which aims not to influence the swirling flow intensity. However, it should reduce the inclusion deposition as well as the possibility for clogging. For example, a smooth transition with a curved inner wall surface at the connection region between the SEN and the tundish bottom may be a helpful way to obtain a stable steel flow, and to reduce the inclusion deposition there. For different shapes of inclusions, it was found that the influence of the shape factor of inclusions is more important for large size inclusions compared to small size inclusions. This can be easily seen from the results in Figure 4 , where the deposited number of nonspherical inclusions is around 27 pct higher compared to that of spherical inclusions. In addition, the interaction between nonspherical inclusions, such as the faceted inclusions, and the refractory wall seems like a plane-plane type interaction. According to the research by Zheng et al., [57] this kind of interaction is stronger compared to a sphere-plane type interaction, namely, the interaction between a spherical inclusion and a refractory wall. This means that nonspherical inclusions may easily stick to the wall once they move close to the wall compared to spherical inclusions. Therefore, nonspherical inclusions may lead to more serious clogging problems compared to spherical inclusions. The current investigation about the influence of inclusion shape is simple and is based on a shape factor that is determined by a corrected drag coefficient. In steel flows, a large number of inclusions are clusters with an irregular shape. Therefore, efforts are still required to make the inclusion tracking more realistic.
Simulations of the steel flow in the new tundish have been carried out by using the RSM combined with the Stress-Omega submodel. [42] The fluid flow and the anisotropy of the turbulent fluctuations in the near-wall boundary layer have been solved, since they have been found to be important for the predictions of particle depositions in turbulent flows.
[40] Figure 9 shows the predicted Reynolds stresses in three directions along line 1 in the swirling flow SEN. Line 1 presents data from the SEN center to the wall in the Y-axis in the SEN cross section of 0.55 m below the tundish bottom, as shown in Here, the tangential steel flow velocity gradually decreases toward the SEN wall. However, the vertical velocity first increases to its maximum value at the location near the turbulent boundary layer. Then, it decreases to zero at the wall due to a nonslip boundary condition. This is due to the centrifugal effect. The rotational steel flow tends to move to the SEN wall due to its inertia. This creates a high pressure at the near-wall region and a very small pressure at the SEN center region. [42] The high pressure at the near-wall region combined with the downward gravity leads to a high downward steel flow velocity. However, the momentum of the inertial tangential steel flow will decrease after steel reaches close to the wall. This is due to the high flow shear resulting from the flow direction change because of the curved wall. This can be seen clearly from the high wall shear stress in a previous study, with the values in the range of around 100 to 300 Pa on the SEN wall. [42] Therefore, the steel flow in this region has a high velocity, a high flow shear, and high anisotropic turbulent fluctuations. These kinds of flow characteristics are difficult to accurately resolve by using a k-e type turbulent model, which is especially true when the swirling flow intensity is very high. Thus, the inclusion tracking [32] [33] [34] based on a k-e type model solution faces some challenges to obtain a good description of inclusion motion. In the near-wall region, a high gradient of turbulent fluctuation exists, which leads to a strong turbophoresis effect. [16, 17, 56] This has been considered in the current study with the RSM to resolve the turbulent boundary layer, while it was ignored in previous studies. [32] [33] [34] The effect of a swirl flow on the inclusion separation is an important concern for a swirling flow SEN. This is due to the fact that light inclusions might be separated by the swirling flow due to their lower density than steel. The interaction between a particle and a fluid can generally be evaluated by the Stokes number, which can be expressed as follows:
where s p is the particle momentum (velocity) response time and s f is the characteristic time of the flow field
. [58, 59] The parameter u s is the friction velocity, which can be evaluated by using the following expression:
, where s s is the wall shear stress. The Stokes number is a ratio of the response time of the particles to the characteristic time associated with the flow field. Table II shows the values of the Stokes number of spherical inclusions of different sizes in the swirling flow SEN. The values of the wall shear stress needed in the calculations are taken from a previous study, [42] where the flow field for the same setup as the current study was calculated and is, therefore, not repeated in the current study. The values of 150, 200, and 250 Pa were used to calculate the Stokes number of different size inclusions, since the values of the shear stresses on the SEN wall are mostly in this range. [42] It can be seen that the Stokes number of small size inclusions, e.g., 1 lm, is very small. This illustrates that small size inclusions can firmly follow the steel flow and that they are difficult to separate in the current swirling flow SEN. Inclusions with a diameter of 40 lm have a Stokes number larger than 1. This illustrates that their response time is larger than their flow characteristic time. Therefore, these inclusions will not firmly follow the steel flow path. This gives light inclusions the chance or time to respond to other forces, e.g., to be separated in a swirling flow due to the centripetal effect. As shown in Figure 7 (b), a large pressure gradient exists from the SEN wall to the SEN center. This may cause a separation of light nonmetallic inclusions toward the swirling flow center.
The Stokes number only gives the particle response ability to the flow change. However, it cannot describe the separation ability of light inclusions in a swirling steel flow. The separation of light inclusions in a swirling fluid flow, which results from a centripetal force in the radial direction of the cylindrical coordinates or a pressure gradient force in an inertial frame of reference, depends on the relationship between the scale of the particle residence time and the scale of the centripetal separation time. Therefore, a dimensionless number was defined in this article to describe the separation ability of light inclusions. This is the Separation number, which may be expressed as S ¼ s res = s c and which represents the ratio of the above two timescales. Here, s res represents the existing time of a particle in a swirling flow and s c represents the time required for the particle to move a distance equal to the pipe radius in the radial direction of a swirling flow. If s res ) s c , it means that the particle has enough existing time in the swirling flow and may be separated by the centripetal force. However, if s res ( s c , it means that the particle passes the swirling flow so quickly that it has no time to respond to the centripetal force. Therefore, the Separation number represents the ability of a particle to be separated to move toward the swirling flow center or outside when it is present in a swirling flow. In a cylindrical coordinate system, the centripetal separation time scale, s c , can be calculated by using the following equations by considering the drag force and the centripetal force in the radial direction: [34] 
where R is the radius of the SEN and u f;h and v p;h are the tangential velocity of the fluid and particle, respectively. Furthermore, v p;r is the particle centripetal velocity. It can be obtained with the assumption that the radial fluid velocity, u f;r , and the tangential particle velocity, v p;h , are equal to 0 m/s, respectively. The particle residence time in the swirling flow can either be obtained by tracking a particle using a Lagrangian tracking scheme by using commercial software or be evaluated by using Eq. [17] to consider the force balance, including the drag, gravity, and buoyancy forces:
where L is the length of the swirling flow in the axial direction with a value of 0.65 m in the current study. The parameters u f;a and v p;a are the fluid and particle velocity in the axial direction of cylindrical coordinates, respectively. The parameter u f;a can simply be represented by using the average velocity in the axial direction. It is assumed to have a value of 1.1 m/s in the current study.
The Separation number for different sizes of spherical Al 2 O 3 inclusions in the swirling flow SEN is shown in Figure 10 . The average maximum tangential velocity, u f;h ¼ 2:625m=s, on four cross sections (shown in Figure 1 ) of the SEN and its distance to the SEN center, r = 0.014 m, were used in the calculation. It can be seen that small inclusions have a very small separation number, such as a value of 8.7 9 10 À4 for a 1-lm inclusion. This illustrates that they cannot be separated in the current swirling flow. At a point when the inclusion size is in the range of 20 to 40 lm, the particle residence time is equal to the centripetal time. For 40-lm inclusions, the separation number is 1.4, which illustrates that inclusions of this size have the possibility to be separated in the current swirling flow. This also explains the large performance difference for the different sizes of Al 2 O 3 inclusions, as shown in Figure 4 . More specifically, the deposited number of 40-lm inclusions is much smaller than that of 20-lm inclusions, due to their movement toward the SEN center because of the centripetal effect. Therefore, the defined Separation number is a useful dimensionless number to describe the particle separation ability in a swirling flow.
The calculated swirl number in the swirling flow SEN was in the range of around 1.08 to 1.6, which indicates a strong swirling flow. [42] It was found effective in reducing the deposition of large size inclusions. In the current swirling flow, a high wall shear stress exists. This may be beneficial to prevent the attachment of inclusions on the SEN wall. At the same time, a high shear stress may also produce new inclusions due to the erosion of the refractory. This issue should be experimentally verified in the future. In addition, inclusions were assumed to deposit on the SEN wall once they touch the wall. This is due to the fact that the particle-wall interaction is a complex phenomenon. Thus, a '' stick'' wall boundary condition is commonly used. In reality, some inclusions may move back to the steel flow rather than stick on the SEN wall after they touch the wall. Therefore, it is necessary to develop a new model to describe the particle behavior on the liquid-wall interface.
V. CONCLUSIONS
The behaviors of different sizes and shapes of inclusions in a newly designed tundish were investigated by using a Lagrangian particle tracking method. The main conclusions for this study are as follows. 1. Inclusions in the cylindrical tundish are difficult to remove, since a strong rotational flow exists at the region near the top surface of the tundish. This high rotational flow provides the required momentum for a strong swirling flow later inside the SEN. 2. The inclusion deposition in the swirling flow SEN was studied. It was found that large size inclusions have a smaller number of deposited inclusions, compared to small size inclusions. This means that the swirling flow is effective in separating large size inclusions, e.g., 40 and 100 lm. These large inclusions have a Separation number larger than 1. For nonspherical inclusions, large size inclusions have around 27 pct higher number of deposited inclusions compared to spherical inclusions. 3. The swirling steel flow shows three regions, namely, the center isotropic turbulent region, the anisotropic turbulent region, and the near-wall region. In order to have a good description of the inclusion motion in this complex flow, the anisotropic turbulent fluctuations should be taken into account. 4. In the SEN inlet region, some inclusions deposited on the wall. The plotted velocity distribution shows that the SEN inlet flow is not uniform and that the flow is very chaotic. It has a high turbulent kinetic energy in this region, and a recirculating flow exists there. These flow phenomena promote the inclusion deposition in this region. Therefore, a further improved design of the SEN inlet region should be developed in the future to reduce the probability of an inclusion deposition.
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